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Abstract
Two large typhoons destroyed a concrete detached breakwater on the Suruga Coast, Shizuoka Prefecture, Japan in 2013. Although
the Typhoon Man-yi, recorded a lower wave height than the other Typhoon Wipha, significant damage to the structure was
observed by Typhoon Man-yi. It appeared that the significant wave height alone cannot describe the extreme wave field caused
by typhoon appropriately. This study investigates typhoon wave characteristics with an objective to extract essential wave
parameters influential to the stability of coastal structures. The relationships among various parameters were examined regarding
the nonlinearity and the irregularity of nearshore waves, such as power spectrum, occurrence of freak waves, skewness and
kurtosis, wave grouping and distribution of wave height. It is concluded that the occurrence of freak wave had strong correlation
with the kurtosis μ4 and the groupiness factor GF. The nonlinearity parameter П1/3 was found to be a good parameter in the early
detection of catastrophic wave field.
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1. Introduction
The characteristics of ocean waves are most crucial for the design of the maritime structure. Semi-empirical
statistical methods based on random wave theory have already developed extensively after decades. However, the
mechanism of structure failure due to the effects of the extreme wave field, i.e., typhoon-caused wave field has not
yet been fully investigated.
A pile-supported concrete breakwater was partially damaged by two typhoons in 2013. The structure was located
at Suruga Bay, Japan at the depth of 7 m. A stationary wave gauge was installed nearby at the depth of 45 m (Fig.
1). It is noted that Typhoon Man-yi, Typhoon 18 in the Japanese nomination on September 15, 2013, had exerted
more damages to the structure than Typhoon Wipha, Typhoon 26 on October 15, 2013, although the latter typhoon
recorded a higher wave height. In general, the breakwater being partially damaged by the first typhoon would be
vulnerable to confront the second typhoon. Still, the expected significant damage have not been observed from the
second typhoon. The wave height in front of the breakwater was computed on the basis of nearby wave gage and
listed in Table 1. It appeared that the significant wave height alone cannot appropriately describe the extreme wave
field caused by typhoons. This study investigates typhoon wave characteristics with an objective to extract essential
wave parameters influential to the stability of coastal structures.
Table 1. Wave parameters of typhoon peak at Suruga Bay
Wave parameters Design Typhoon Man-yi Typhoon Wipha
Incident wave (inferred) Angle () ------ N168 N168
Ho (m) 11.30 7.02 7.02
To (sec) 16.0 11.5 15.1
Lo (m) 399.36 206.31 355.70
Observed wave at the
depth of 45m
H1/3 (m) ------ 6.46 5.97
The wave in front of the
targeted structure at the
depth of 8m (inferred)
Angle () ------ N132 N127
H1/3 (m) 5.84 5.10 5.93
Hmax (m) 7.86 6.85 7.83
Fig. 1. Study area: (a) Location of two observation point; (b), (c) setup of sensors ((b): Suruga Bay; (c) Tenryu. Coast).
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2. Methodology
Based on field records at two sites of two representative typhoons in 2013, Typhoon Man-yi (201318) and
Typhoon Wipha (201326), wave characteristics were addressed by means of power spectra and statistical analyses.
Surface elevation and bottom pressure was recorded by the wave gauge installed at Tenryu Coast and Suruga Bay
with ultrasonic and pressure sensors, respectively.
On the basis of wave gage data, we investigated fundamental features of typhoon waves. Several parameters and
their correlations were estimated at Suruga Bay and Tenryu Coast during two typhoons regarding the nonlinearity
and the irregularity of nearshore waves, such as power spectrum, wave grouping, occurrence of freak waves, kurtosis,
skewness and the distribution of individual wave height, which appeared to be essential to the wave impact on
structures.
2.1. Data analysis
Four sets of data were analyzed for two typhoons at two sites. Total of 208 wave records were used in this study.
Each set includes two types of data, ultrasonic wave gage and pressure wave gage. We analyzed 51 wave records for
Typhoon Man-yi while 53 for Typhoon Wipha on each site. Each wave record is sampled at 2 Hz for every 20 minute.
Time series of surface elevation were derived from the ultrasonic wave gage. Ultrasonic wave gage can directly
measure the change of water surface with a very high resolution with an advantage of its accuracy. However, two
problems were found while we analyze the ultrasonic wave gage: one was corrupt data due to air bubbles generated
by wave breaking since ultrasonic sensor is very sensitive to water drops and air bubbles (Fig. 2). The other was the
unstable data collection, as depicted in Fig. 2. (b). It stopped working frequently especially in the case of Tenryu
Coast during Typhoon Man-yi. However, both of two problems can be easily addressed by applying a cut-off on the
raw data, because those noise signals are mostly in the low frequency domain. We applied a low-pass filter with a
Fig. 2. A comparison between ultrasonic wave gage and pressure wave gage at the peak of each typhoon: (a), (b) Typhoon Man-yi at
Suruga Bay and Tenryu Coast, respectively; (c), (d) Typhoon Wipha at Suruga Bay and Tenryu Coast, respectively.
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cut-off frequency fp/2.5 Hz to reproduce long period component in time series. We then ignored the duration from
the further analyses when the long period component was larger than 30cm.
Bottom pressure data were utilized to estimate surface elevations by using the fast Fourier transform with transfer
function of the linear wave theory, since the quality of ultrasonic wave data under the extreme wave condition was
sometimes corrupted even if we apply the cut-off filter mentioned previously. Nonetheless, in order to ensure the
continuity and coherence of the statistical analysis, we keep to use sole type of data with the greatest possible.
Because the transform function of the linear wave theory is a transcendental function, it need to apply with a cut-off
at a certain high frequency, which will lead to underestimate the surface elevation for the loss of the high frequency
component. Since both two types of data have their own weakness, we tried to take advantage of two type wave
gages. Basically, the analysis of power spectrum were conducted by using pressure wave gage for its low level of
noise to signal and the stability as seen in Fig. 2. The analysis of nonlinearity and statistical analysis of individual
waves were conducted by using ultrasonic wave gage after noise removal.
2.2. Freak wave and kurtosis
The freak wave refers to a finite number of individual waves with extraordinary high crest compared to the normal
waves. The occurrence of freak waves has been confirmed by many observations and vital for the failure of maritime
structures and sea accident of ships. A simple definition of freak wave is when the ratio of maximum wave height to
the significant wave height larger than 2.0. For example, Fig. 6 shows that some of the wave records is equivalent to
this definition, which were eightfold larger than the root-mean-square surface elevation. The occurrence of the freak
wave is considered to be correlated with the kurtosis, the fourth order moment of the surface elevation under the
condition of the narrow-banded wave train as remarked by Mori and Janssen (2006). We therefore investigated the
relationship between the kurtosis and the occurrence of freak wave by field data of typhoon wave. The definition of
kurtosis is expressed by Eq. (1).
      (1)
2.3. Wave grouping
Although ocean waves appear random, high waves are more likely falling into groups rather than appear
individually as described by Goda (2010). Generally, group-bounded waves are associated with the sharpness of the
spectrum. There are several parameters for measuring the spectral broadness, such as the spectral shape parameter
(Forristall, 1978) and the spectral peakedness parameter (Goda, 1983). Parameters for describing wave grouping
directly include the groupiness factor GF (Funke and Mansard 1979) and the new groupiness factor (List, 1991).
With the significant enhancement and fluctuation of spectrum during typhoon process, the groupiness factor, as
defined in Eq. (2), which was used to indicate the effect directly by applying SIWEH (Smoothed Instantaneous Wave
Energy History), was considered most desirable and appropriate as shown in Fig. 4.
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where Tp is the spectral peak period.
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3. Result
Several parameters which might be correlated to the failure of maritime structure caused by typhoon wave field
have been estimated as follows.
3.1. The kurtosis of surface elevation and freak wave
The kurtosis μ4, is the fourth central moment of surface elevation, was used to describe the sharpness of the
probability density from the Gaussian distribution. When the kurtosis was larger than 3.0, which is the kurtosis of
the Gaussian distribution, the distribution of the surface elevation would more likely have a sharp peak, a slim waist,
and a heavy tail at toe. Figure 3 shows the relationship between the ratio of Hmax/H1/3 and the kurtosis. The freak
wave is included when the ratio becomes larger than 2.0. It is demonstrated in Fig. 3 that the kurtosis is strongly
correlated with Hmax/H1/3. We can also notice that the ratio of wave height to root-mean-square of surface elevation
is actually larger than 8.0, indicating the occurrence of freak waves as shown in Fig. 6.
3.2. Groupiness factor GF
Groupiness factor, GF, is estimated from SIWEH (Smoothed Instantaneous Wave Energy History), which is the
squared-elevation smoothed by a time window with a width equal to the spectral peak period as shown in Eq. (2).
The estimation of groupiness factor, as illustrated in Fig. 4, includes the surface elevation, the squared-elevation and
the SIWEH with a removal of their mean value at the peak of Typhoon Man-yi and Typhoon Wipha respectively.
The group-bounded waves can be easily observed visually through the squared-elevation, and estimated by the
smoothed squared-elevation, namely, groupiness factor.
Groupiness factor for prototype wave observed by Funke and Mansard (1979) over a period of six months fell in
the range of 0.46 ≤ GF ≤ 0.94, while found in the range of 0.44 ≤ GF ≤ 0.96 for typhoon wave observed by this study
as shown in Fig. 5. The larger groupiness factor is supposed that the effect of group-bounded waves observed in this
study for the typhoon wave was stronger than it observed in the literature over the six-month wave sample for the
prototype wave. We infer that strong grouping waves are developed from typhoon, which are mainly determined by
the fetch length, the typhoon track and Coriolis Effect. For instance, as depicted in Fig. 1 and Fig. 5, the groupiness
factor of Typhoon Man-yi (201318) is larger than the groupiness factor of Typhoon Wipha (201326), because the
former one had a longer fetch length, a smaller angle between the wave propagation and the track and the observation
point is located at the right side of the typhoon track, which corresponded to the direction of Coriolis Effect.
Fig. 3. The kurtosis versus ration of the maximum wave height to the significant wave height
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3.3. The correlation between kurtosis and groupiness factor
Figure 5 shows the relationship between kurtosis and groupiness factor. It proves that the occurrence of freak
wave was closely correlated with the strong wave grouping for the typhoon waves.
Figure 6 demonstrates the wave height distribution for wave records of which kurtosis is larger than 3.2. The
skewness of wave height distribution, μ3H, is the third central moment of the distribution as a statistic parameter.
Once the freak wave is included, the skewness would increase. The distribution would shift to left as whole and leave
a heavy tail on the right side as shown in Fig. 6. It means that the dangerous wave field probably includes group-
bounded waves with low wave heights and freak waves with extraordinary high crests at the meantime, which distorts
the wave height distribution from the standard Rayleigh distribution.
We conjecture that this is the essential characteristic for typhoon wave field and it might not be appropriate to
evaluate the extreme wave field caused by typhoons with the significant wave height alone. Although the larger
Fig. 4. The effect of wave grouping at Suruga of Typhoon Man-yi and Typhoon Wipha, respectively
Fig. 5. The correlation between the kurtosis and the groupiness factor
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significant wave height would increase the occurrence of freak wave, the freak waves are mostly accompanied by a
series of wave groups with low wave heights.
3.4. The early detection of a catastrophic wave field
The nonlinearity parameter, П1/3, for two typhoons at two sites was analysed respectively in order to investigate
the wave field characteristic which can be used as an early detection parameter for the occurrence of freak wave.
The nonlinearity parameter was defined by Goda (1983) as in Eq.(3).
  
  (3)
Fig. 6. The wave height distribution of wave records with high kurtosis
Fig. 7. The relationship between the kurtosis and the nonlinearity parameter: (a) Typhoon Man-yi; (b) Typhoon Wipha
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Figure 7 illustrates temporal variations of the nonlinearity parameter and the two typhoons were synchronized in
the time series by the maximum mean wave height. In Fig. 7 (a) and (b), the top panel shows the comparison of
nonlinearity parameters at two sites for Typhoon Man-yi and Typhoon Wipha respectively, where the horizontal axis
is the time series of every 20 minutes wave record. The middle and the bottom panels exhibits the correlation between
the nonlinearity parameter and the kurtosis during the same typhoon at Suruga Bay and Tenryu Coast respectively.
According to Fig. 7, the nonlinearity parameter was found significantly correlated with the occurrence of freak
wave. We notice that the growth of the nonlinearity parameter at two sites is different even in the same typhoon. In
Fig. 7 (a) of Typhoon Man-yi, the nonlinearity parameter of Suruga Bay showed a rapid increase than that of Tenryu
Coast as shown in the top panel. On the other hand, the nonlinearity parameter of Tenryu showed a rapid increase in
case of Typhoon Wipha before approaching its peak as indicated in Fig. 7 (b). This difference reflects in the different
behaviour of the kurtosis, as indicated in the middle and the bottom panel. For Typhoon Man-yi, the kurtosis during
the peak of typhoon showed several maxima for a long duration in Suruga Bay while the kurtosis before the typhoon
peak only showed a single maximum on Tenryu Coast. For Typhoon Wipha, in contrast, the kurtosis on Tenryu
Coast showed several maxima for a long duration during the peak of typhoon while the kurtosis before the typhoon
peak showed a single maximum on Suruga Bay.
It is considered critical to the coastal structures when the occurrence of freak wave is associated with the peak of
the significant wave height. In that sense, the rapid increase of the nonlinearity parameter can be used as an early
detection indicator of the catastrophic typhoon wave.
4. Conclusion
Characteristics of typhoon waves by two major typhoons were investigated on the basis of wave gage data
obtained at two locations, Suruga Bay and Tenryu Coast. On the basis of spectral and statistical analyses, crucial
parameters influential to the wave impact on structures were examined. Main conclusions were summarized as
follows:
• The occurrence of freak wave was found to be correlated with kurtosis and the groupiness factor.
• The crucial typhoon wave field was characterized by wave grouping with a series of relatively low wave height
and freak wave with extraordinary high crest. It is considered that the significant wave height alone cannot
appropriately describe the extreme wave field caused by typhoons since the inclusion of a number of low waves
would make the significant wave height smaller.
• The rapid increase of nonlinearity parameter at the initial stage of the typhoon was found to be a good indicator
for the early detection of the catastrophic wave field.
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